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ABSTRACT

SystemsticaUy derived Judgnts of levels cf vertical sinusoidal
vibration severity from 1 to 27 cpa were obtained under laboratory

controlled conditions for each of 16 selected male sutjects. These
vibration levels vere established in terms of four levels defined as
Definitely Perceptible, Mildly Annoying, Extremely Annoying and Alarming
as acceleration increased for each fixed frequency at a constant rate.
The results established four profiles of acceleratian frcs 1 to 27 cps
to be used as the vibration frequency and amplitude points in the
vibration en" tronuent for a series of tests of h-an performance in
the remaining progrta. Correlation of judgent with velocity, acceler-
ation, and double amplitude according to frequency w. .e noted. A
definite correlati'rn between reported body area sel -ively affected
and frequency was also found. As reported in previous studies in the
literature, the body is evidently more senzitiv.e to vibration at
selected frequencies, suggesting body organ and appendage resonance.

Document Number D3-3512-1 reports 7he first experiment of a series
designed to study vibration effects on h-n performance. Other
experiments vill be reported sequentially in the document series
D3-3512-,2 through D3-3512-7. All results vill be integrated and
mmwrized in D3-3512-O.
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This experiment was conducted in the Boeing Hwmn Vibration Facility to
derive vibration intensity Judgnts of (i) Definitely Perceptible, (2)
iildy .nbmying, (3) xtreey Anoying, wul (4) A * in a des-
criptive range including a lower intensity of (0) Just Barely Perceptible,
and higher intensities of (5) Limit of Physical rontrol, and (6) Limit
of Voluntary Tolerance. Judgments were obtained for 16 frequencies in
the range 1 to 2T cps, using 16 subjects who identified intensity by
pressing a button under the right index fi er. It was expected that
in'ensities defined as (1), (2), (3), or (4) above would be used as
tJe specific coi~ro.Ued vibration enviroiownt for studies of effects
of vibration on buran performnce later in the program.

The data analysis indicated that the obtained intensity levels vmad
satisfy vibration requirements for future studies in this series. It
was discovered that the levels could be correlated with velocity,
acceleration, and double amplitude, or combinations of these depending
on different trt-:..y rangges. Velocity wan essentially constant at
1 to 1 1/2 cps, acceleration at 1 1/2 to 8 or 10 cps, double amplitude
at 8 or 10 to 16 cps, and a comination of acceleration and double
amplitude vac =st closely related to judgent levels from 16 to 27
cps.

Judgient or vibration varied significantly between levels and betven
frequencies (using acceleration to define intensity) suggesting dis-
tinctions related to judment as well as frequency. Similar differences
between subjects could not be explained since differences in semantic,
personality (e.g., cautious attitude) and body characteristic& iucr
involved.

A distinct correlation between affected body area and frequency was dis-
covered by tabulating subject and experimenter observations. Lover fre-
quencies affect one part of the body more, with increasing frequency
paralleling shifts to other body regions so that reports of affected
body areas changed Ycm "buttocke" to "abdominal", "chest", then to
"vision end head". No reliabie correlation ,.rends could be found
between affected body area, judgment of vibration, and body character-
istics.

- i
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COICUSICINS ATI, 1F'Er M ONS

I. VIBRATION LEVELS

A. Four levels cf vibrf-~ion described as (1) lefin" tely Perceptible,
(2) Mildly Annoying, (3) Extrenely AnnoyinS . and (4) Alarming,
were derved in this experiinnt.

B. These four Levels will serve the intended purpose of identifying
frequency and amplitude combinations for performance measurea
during later experments.

1. There were side variations between these vibration levels
as frequency varied.

2. Te data indicated that defining vibration test conditiurs
simply in terms of constant acceleration or double amplitude
as frequency varies is undesirable in certain regions if
potential danger is to be avoided.

C. The levels of vibration derived in thin atudy differ from ==h
of the similar research which has been reported, particularly
in a parallel increase of acceleration as- frequency found ft
8 to 15 cps. These differences appear to be related to test
configurations and supports, and to orientation of the sub~ects.

II. CURVE ANALYSIS AND CCO'ARISNS

Summary C. es

A. Vibration judgent for given frequency ranges was related to con-
stant velocity, acceleration, and double amplitude as follows:

Velocity K, 1 to 1 1/2 cps

Acceleration ' K, 1 1/2 to 8 or 10 cps

Double Amplitude ' K, 8 or 10 to 16 and 18 cps

Double Amplitude K, 16 and 18 to 27 cps
vs. Acceleration

B. Relatively high acceleration sensitivity was indicated at 1, 4 to
10 sand above 20 cpa, with accepted accelerations notably lover for
ub4,ecti-+ vey e!aivalent vibration.
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IndividurI Curres

A. Apparent differences between vibration levels vere statistically
U significant.

B. For the total frequency range, relativey Ihlgh accelerations were
derived for equivalent levels in the 1 1/2 and 18 cps regions.
Exact occurrence of these accelerations varied in frequency for
different subjects.

C. Curve tr s were the sam for all subjects.

TIn. CO IM

A. A definite correlation vas found between fteuency and affected
body area. Reports of effects shifted from lower to upper
thoracic-abdominal regions, then to the head as frequency in-
creased.

B. Vibration effects on the extrtmitles shifted from general toi*I locali ed as frequency increased.

C. No correlation could be fond betwen gross body cbaracteristics
and vibration judgnts.

D. Relatively minor control of diet, elimination, and rest appeared

to be sufficient. No discrepancies in results related to thei' relatively minor subject variation in these controls were din-
covered.

IV. APPLICATICh OF DATA

A. The curves of vibration intensity derived indicate operable
levels of vibration for short time periods. At this time it
is not considered desirable to exceed the higbest intensity
levels with random vibration peaks on more than an occasional
basis. Even then, caution is particularly desirable in con-
sidering level 4 in the ,.egio 3 to 8 cps. A-bre conservative
recowmendations may become necessary as perforzance information
related to these curves becomes availabie later in this program.

B. ' e nature of the vibration curves suggest that ,ibration my
be dissipated by conversion to less troublesome frequencies through
structural design or modification.

C. Data from reports by the subjects asuggest body regions vhicb are
affected and which can be use-I to analyu frequency-acceleration
effects on specific human task functions integrated into a
total job for an interim approach in system design pending data
from later studies in this program.

i'
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[ ~V. MFIfTIMM GSTIE

A. A litarature review and integration prma,il4 intended as a
design handbook is required. Division of the review into three
major sections Cf information is rimcomnded: ('.) Hman
Engineering, (2) Psychological, and (3) Physiological.

B. Experiments and analyses are required to detervdne correlates
for extrapolating psychological and physiological data from
sinusoidhl to random operational enviroments.

C. Effects of long time exposure to sinusoidal and random vibration
requize atudy.

D. General

1. More preciae systems for scaj±ng psychological responses
and body raaction to vibration are necessary to aid in
understalLg discrepancies between studies and to ectablals
the best descriptions of human response to vibration.

2. Knowledge of mechanics of body organ response, through
def4.nition of iisplaceent and spring-mas relationships

I of tody organs and supporting tissues is necessary.

3. Specific studies to identify appropriate restraint and
support systems are required.

E. A program is recomended to determine effects of vibration related
to variations in body type, age, experience, weight, sex, temper-
ature and humidity.

I '
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INTRODUCTION

There is considerable evidence that vibration affects human performance
r -(References A, K, L, and 0), but little information directly applicable

to design problems is available. A. a result, vibratio- found in low
altitude flight vehicles and expected in re-entry of space capsules

S, into the atmosphere as well as vibra.ion from other environments have
emphasized the need for human vibration data applicable to operational
systems in designing optimum man-machine systems. Data is available for
descriptions of (1) comfort, (2) physiological effects, and (3) human
Judgment of vib-ation. However, reported performance information is
limited for use in solving practical design questions about expected
Inman performance during system vibration. Most available data has been
obtained for comfort and physiological studies or highly specializedii performance requirements scuch as visual acuity and simple tracking
problems that are too remote from the problem for many design questions.

This experiment is the first of a series designed to study effects of
vibration on human performance specifically foi- a broad range of human
skills as they are to be applied in current and future systems. The study
reported here vas designed to systematically derive Judgments of vibrationI) intensities in the range 1 - 27 c s under carefully controlled conditions

for a description of psychological responses to the effects of vibration
ion the body. The levels of vibration defined by this method will be used

to specify intensities in the rest of the study within limits of physical
control by human subjects.

Several purposes were includcd in planning for this study. The levels to
be obtained were expected to permit correlation of judgment with physical
descriptions of vibration (velocity, accelerabion, double amplitude and
frequency). Interview questions concerned with general comments and
affected body area iA-re designed to obtain information for relating
physical descriptions of vibration, judgment, and body characteristics.
Subjects' suggestions were collected for possible problem areas requiring
immediate study for current systems, and for improved program procedures,
as subjects and experimenter obtained a better understanding of what to
expect with vibration.

I -• .This experiment was designed to define vibration intensizies to provide
an operational framework for later studies. In later studies data will
be collected for direct application in systemis design, including the
cffccts^ O-f -.. on: he.ar4n, w..ad "peech; acuity and movement

perception; linear and rotary movement of the fingers, and of the hand
and arm; a complex task involving ll of these; and foot response
capability. This data will be integrated in a summary report to provide

I ~information for the following:

1. Vibration affecting specific perceptual-motor skill requirements

writhin a range of - 27 cps.

1 ,

I
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2. Perceptual-motor abilities affected by vibration and the fre-
quency-amplitude combinations related to these effects.

(1i 3. Limitations in applying data to design problems.

lj* Requirements for dise;3ay control design with low frequency
fi vibration.

I 5. Expected individual variability for specific perceptual-motor
skills d-ring vibration, and

6. Information for improving human performance during vibration for
n improved systems capebilities.
L. Experience has sbown that this information coupled with task performance

data broadtly representing human capability is necessary to meet design
engineering requirements.

Ma obtain backgrnnd for this study, a selected list of refere'ces was
reviewed and analyzed for deter=ning vibratio-n effetAs oin iumans,
questionable vibration intensities and general background. A sum y
of comparable data collected from these reviews is shown graphically
in figures 1 and 2, with figure 1 indica'ting udgient and tolerance
data (including data from this experiment) and figure 2 presenting
intensities used in collecting performance data.

I.

I,

I,

I K"
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Apparatus

The Boeing Hwman Vibration Facility (Reference B ) was v-ed to provide the
vibration environment for this test: a vertical, sinusoidal vibration vith
a very gradual increase in amplitude at each frequency used in the range
from 1 - 27 cps. A standard aircraft seat was reinforced (to insure the
most complete transmission of vibration possible) and mounted to the platform.
Reinforced plywood inserts covered vith 3/4 inch hard felt were used in

i : place of normal seat cushion or parmchute packs to insure full trvmsaission
of vibration through the chair to the man so that all subjecte would re-
ceive the same regulated vibration input at the point of contact with the
seat. This averted problems associated with a complex seat absorption
pattern or with different subject weights (Reference A, p 17), and allowed
for a better comparison betwee, subjects than might otherwise be possible.

A heavy aircraft control wheel and colum were installed in the normj (. !operating position with respect to the subject for these tests. Subjects
(Es) were required to hold a "deadman" swicch located under the left hand
fingers on the wheel throughout each vibration period. A signl button on
the right hand grasp and adjacent to the index finger was used to record
the levels of vibration.ii A test display panel was mounted to the platform and in front of the control
column, located about 28" in front of the subject. The center of the dis-
play was perpendicular to a line of sight dropped 100 frm the horizontal.
W hile Lt was not part of this test, the subjects practicd. on tUe task
(Reference C) betveen vibration periods in preparation for a later experiment.

Vibration

A sigVal generator was ued to control vibration frequency. The generator
set at a given frequency, controlled the period by operating a servo-
actuated ram-lock system. A linear feedback potentiometer on the platform
fed a signal back to the control unit which insured control of vibration
amplitude according to specifications.

The experimental procedure wan to gradually increase amplitude from 0.0 for
each frequency tested, with S indicating each level as he judged amplitude
had reached each defined intensity level.

I T'if"

I!

ii
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Frequencies

The frequencies selected for testing in this study were 1, 1 1/2, 2, 3, 4,
-5, 6, 8, 10, 12, 14, 16, 18, 20, 23, and 27 cps. These were divided into
I t-o groups for the two groups of subjects who were testee as follows:

Group A 1, 1 1/2 2, 4, 6, 10, 14, 18, 23

Group B 1 1/2 3, 5, 8, 12, 26, 18, 20, 27

This orsmnizatic• of groups &nd frequencies would permit so over-lapping
between groups to check comperability and avoid an extensive test period
requiring all subjects to evaluate all frequencies, while permitting reason-

p able coverage of the freque~cy range to be investigated.

Electrocardiogrph EGRecrdng

An eleatrocardiograph system ws developed to permit monitoring of each Se
condition during testing. It consisted of three wire mesh contacts, tw o

S TT on the pectoral muscles of the chest and one (a ground lead) on the right
mastc id process. These were prepared by rubbing the body area and the
contact with an electrolytic jelly comonly used for BOG contacta. Ow
two pectoral contacts were held in place by elastic bandages, the mastoid
contact with collodion ( a kind of slue used by M.D.'s to protect wounds).
This system was then plugged into a vibration seat terminal where the
signal was transmitted and mgnified by a D.C. amplifier for a print-out
on a two-channel brush recorder. While suaewbat subject to mscular
excitation, the system would give a perfect - record at best, and heart
beat strength and rhythm at worst.

Judgent Levels - Rationale

f As us Indicated in figure 1, few research efforts agreed in defining
I I' vibration intensity, with "Tolerance Limits" for one study exceeded by

another's implication of "Mildly Irritating". Goals of the studies
differed but semantic and other individual differences are also suspected.

, For example: One study would be interestP4 in the maximum intensity fare-
paying passengers would accept, another in the point where dawge was
imminent.

To avoid these problems several analytical approaches to defimIng judment
levels for vibration were tried, including the more precise tecbnques
developed by Thurstone (Reference C) and those of dcriving a scale of
Noticeable Differencec. l4a,y psycilugical dimensions (pain, fear,
physiological, general perceptia and others werm noted) lead to the con-
clusion t"ut an extensive program and considerable direct experience by

i judges in perception of vibration was necessary to use more precise jagaent
procedures. Alternate solutions were attempted since an extensive effort
to develop a human vibration scale was outside the scope of this program.

!:



An anaJ-sis to deft.ne vibration very precisely was rejected as experienceK again became an obvious requirement and as it became apparent that too
rigid a definition could force subjects into intensity regions that theyF !could not accept.

The final exercise resulted in a decision to permit semantic and individual
fluctuations according to the subjecta' interpretation, then provide indivi-
dual subject and sumary descriptions of judgment levels to define an
acceptable range of vibration for the rest of the program. This would

provide concrete points for testing and permit understanding of the range
actually descri ed by the particular levels.

Subjects (S)

Subjects mere 17 Boeing Wichita employees who volunteered for the studies
in response to a notification to test aircraft operators and a coeny
newspaper article indicating that volunteers were needed. Volunteers were
interviewed by the experimenter, then required to undergo a comprehensive
physical examination as part of the pretest procedtre (which eliminated

fi 50% of the volunteers). Seyera. of the volunteers withdrew for reasons
unrelated to the test.

The test started with 17 subjecte, split into two groups of 8 and 9H subjects each. One S trneferred and another terminated shortly after
the test started. tiown to the experimenter imtil the final test

t session, one S refused to accept the test framework because of what he
termed "ambijous levels". Be had apparently developed his own scale
which might be defined in part as four levels of "Just discriminable"
differences. His four levels clustered closest to the Definitely
Perceptible levels of the other Sm. Unfortunately, while d*Ata ar d
couments suggested during the experiment that this S might not be
operating within the proper framework (Example: inconsisteml reports
"That fourth level wasn' alarming to me", followdi iy "1 would con-
sider it alarming") no positive indication of deviation from ;he
defined levels could be determined until the final interview. lack
of understandable meaning or comparability of his data with the other
Ss caused it to be diecarded. The net result was seven Ss in Group A
and rine in Group B, since one subject participated as a member of
both test groups.

Test Procedure

FRference D movie describes aUl test procedures in detail. So wore
flight coveralls, athletic supports, street shoes, and light gloves
to the test preparation area. A medical examination was completed,
after which the experimenter (E) questioned S bri( fly on condition,
activity, and additional post test observations from the last session.
E read instructions (Appendix A) to S and checked to make sure that
they were understood.
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All test personnel then assumed their test stations. A conmnication and
preparedness check ws cwpleted, S vas informed that he had about 30

I [-5 seconds before the test started, and the MG syrten vas started for a
pre-vibration record. At the end of 30 secords for a nor-vibrating bae
MG, the vibration on6et apparatus was started. S ten identified the
fear levels as the amplitude onset continued.

II Ss identified the four levels for three frequencies on each test day. For

the first two frequencies vibration us stopped by S releasing the cut off
switch after idritifying the fourth level, "Alarzin. For the third nre-
quency S held the switch down, the vibration onset rate vas reversed
2 ldiately after the forth level vae reached, and S identified levels 3,
, 1 In that order as vibration amplitude decreased to zero. Some of this

data was lost because Ss inadvertently released the switch after defining
the fourth level.

The B0G recording contiwz'a for 30 seconds after each test frequency.
fter this the experimenter (E) would enter the vibration chamer aid

record S's gereral cements on bodily response to the frequency. At
I the end of 2.5 minutes, Z vould return to his station.and coordinate the

test for the nr frequency. ;.. the end of the third teat for the day,
this procedure as changed with S first being taken to the preparation
ar-a for an idiate post-vibration physical exam, after which coments
on the third frequency vere collected along with general couents on the
test session.

-1
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Results and analyses for this experiment are au zrized in flures 4
through 1 and in Tables I through TTT, Nta has been or-nized to
include all test information for data analysis via graphical, tabular,
and statistical methods. Suwiary curves (figures 4 and 5) based on a
mean, best fit, smooth curve indicate grtp trends and general relation-
ships. Additional curves (figures 6 - 14) show individual variability
for each level with statistical analysis of variability and differences
included in Table 17. The range of subject variability for the four
levels of this t , .t is shoim in Figure 14. It is suspected that cimilar
variability occurred for most research condtcted in the past which records
data ciply as a mean, or as a mean and standard deviation (suggested
frm data and cments of References A, F, 0). A sumary of subject and

- experimenter observations appear in Table III, ad raw data for each
subject has been plotted in Appendix B.

Figures 1, 4 and 5 present this data on different coordinate systems so
that all gmphical systeam used in reporting other research on vibration
judgent are included and direct comparison of research efforts can be
ecccoplished as necessary.

Figure 34 illustrates correlations between physical characteristics ofI vibration and uman judgment. The special log coordinate system relates
* vector velocity in inches second (V), vector acceleration (G), dauble

amplitude (A) and sinusidal frequency (F) through the equations G -.0511 PeA ad G .0163 77. Table T summarizes these and shous the

correlation of each with judgent fqr given frequency ranges. An
additional relation for Jerk (-8 W,) FVA) or rate of change (Reference H)

* in vibration acceleration is shown by one line only to avoid excessive
confusion in interpreting the system.

'I

; 1
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TABLE I

Sumanzy of Judgint Correlations As a FW'nction of Frequency
I ri (from Figure 4 Pap 16)

i All ove1s V ItK For 1, 1 1/2 cps

Level 1 G ItK For 2 to 5 cps
I-

Level2 I K For 2 to 8cps

Levels 3, G I K For 2 to 8 or 10 cpa

level I AV K For 5 to 16 cy

level 2 A 'if K For 8 or 10 to 16 cps

levels 3, 4 B r8or io to16 cps

A2llevels A vsG If For 1 6  2T cps

~~Figure 5 includes the sam informtion, plotted as a fanction of 0 vs
frequency to illustrate frequencies at which the body is G sensitive
Bestrictions on this data and suspected for other vibration research
]j, data are s t i fgres 6 th 14, iftich include all individual
variaility for each level. This informtion is included to illustrate
S variability arAd the reason for the belief that body type is lortant
in judging vibration.

S tended tovamd more (apparent) violo rt. movnt of extremities, re ad-
less of relative wight. Noever, the alarming level involved higbest
accelerations for a cross section of fis, with he and mnight as follow:
6'1", 192 1/2 lb; 5'9 1/2", 156 lbs; 5'T 1/2", 173 lbs; 5", 172 lbs.
No correlation could be determined for body characteristics and frequncy
nr empit,e.

Inspaction of the data curves may appear to provide suficient c- taint7
for the indicated data trends. 3oevr; only by using 3tatictical tech-
nique=, =ucb as are ua aried in Table fl, (Page 29) can it be deter-
mined vbether differences are due to chance and ow-vl flnctuations or
reU .ted to sa real difference in tested conditions. For these tests
the 5 per cent level of confidence comonly used wa considered suffwciert

!
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to determine wther real differences occurred. In other words, when

occur by chance 5 times or less in 100, It was accepted that a real
th ahmtclpoaiiywsta h banddifferences wosreoldd

Grop dffeencs sggetedbygraphical comparison are shown to be

for ac to goups wirthn ac ha Group wer f indited seith pro

goi ohGru n Group B differing significantly from others. Now-
ever thestatsticl t sh ows that levels are d.1-tinct even with the
wid inivdua vaiailiyand that judmnt levels varied significatntly

according to frequency. Significant interactions (from Table II) of
frequency and S, and levels and subjects, suggest that both frequency
and factors related to displacement such as amplitude, velocity and
acceleration were affecting judgment of vibration by Js.

1! Data on § and E observations of affected body area and functions are
Iprescnted as a scattergran in Table TTT. Reports of affected bcdy
Jj area vs frequency emphasised a shift in effect which occurred as fre-

quency increased. Reports shifted from th.e lower to upper thoracic
abdominal ares then to the bead and related ortmnx with increasing
frequency. A similar result occurred with the extremities, with ten-d-

I F' encies for the effect to become more localized with increasing frequency.
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TABIZ II

r SUWARY VARIAKCE TABLESF Copaer.son of Experimental Groups A & Bhi"at 1 I/ and 18 cps to Determine Whether the Groups are Different

-i Source of Degrees of Sue of Mean of F Variance
U Variation rreedom Squares Squares Hat" a Significance
!p [ Groups (G) 1 19 1.9 19.0 .001

Frequencies (F) 1 10.0 10.0 100.0 .001
ievi, (L) 3 io.1 3.4 34.0 .001
OF Interaction 1 .6 .6 6.0 .001
GL Interaction 3 1.1 .4 40 .05

II FL Interaction 3 0.0 .0 ....
GFL Interacticn 3 0.0 .0 ....
Within cells 9.7 .10 ...

-. Total 113 33.7

Group A AMlysis of Variance

Source of Degrees of Sum of Mean of F Variance
Variation Freedom Squares Squares ratio Significance

Subjects (S) 5.0 2.56 .1 56.8 .001
Frequencies (F) 7.0 3.77 .53 58.9 .001
Levels (L) 3.0 10.15 3.38 375.6 .001
SF Irteraction 35.0 1.14 .03 3.3 .01
SL Interaction 15.0 1.28 .09 10.0 .001
FL Interaction 21.0 .30 .01 1.1 - -
SFL Interaction 0 .94 .009
Tetal 191.0 20.13

Group B Anlysis of Variance

Source Cf Degrees of Sun of Mean of F Variance
Variation Freedom Squares Squares Ratio Signlficance

.Subject. (S) 8 8.9 1..1 )6.7 .001
Frequencies (F) 8 20.A6 2.56 85.3 .001
Levels (L) 3 31.91 11.30 37.7 .001
SF Interaction 64 10.75 .17 5.7 .001
3L iteractio,, 24 3.50 .15 5.0 .001
FL Inte-raction 24 1.01 .04 1.3 - -
SFL Interaction ." .03
4btal 296 82.96

Jr

[ !
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DISCUSSION

As the first experiment in a series designed to study effects of vibration
on human performance, this research was designed to per-it selection of
vibration intensities for performr.nce testing and to provide a general
orientation for later experimen.L3. Otber studies (e.g. References A,
F, P) have shown that vibration accelerations humans will accept varies
according to frequency. Assuming that these (varying) acceptable
accelerations are indicators of body limits for vibration accelerations,
it followed th, 1 arbitrarily defining constant accelerations or amplitudes
for the different frequencies could involve undesirable potential danger,
such as exceeding physiological limits that were nnt. Included in the
purpose of this program. Since acccpted acceleration range had varied
with frequency for other studies, it also followed conversely that
performance measures should be made over a broader acceleration range
at some particular frequencies than at others. This approach would be
necessary to insure inclusion of performance data over the vibration
ranges which are acceptable to human subjects, and therefore, might
occur in operational manned systems.

Disagreement between referenced reports in describin- acceptable vibration
ranges led to the conclusion that these differcnces might best be resolved
by independently deriving appropriate vibration levels for the performance
tests of this program. Accordingly, subjects identif.ed a series of
vibration intensities as being (1) definitely perceptible, (2) mildly
annoying, (3) extreely annoying, and (4) alarming, in this experiment.
The four vibration levels so defined would then identify vibration
conditions at which later experimental measures of performance could be
made.

Analysis of the data indicated that integration of individual datum points
into a sum-ary curve was feasible, although certain restrictions must be
recognized. These restrictions are:

Significant differences between subjects were indicated, evidently
because of a difference in orientation and framework. This in-
dication was shown by differencez between successive test groups,
i.e., Group A followed by Group B with Group B defining significantly
higher accelerations for the four judgment levels. No correlations
to aid in explaining this relation could be found between udent
level and body type, experience, or procedures. Reanalyzing differences
in test conditions indicated the following potentially gignificant
influences: Yedical monitor (a different M.D. was assigned to each
group), subjects, and calendar sequence (Groun A having completed the
tests before Group B started). Medical procedures were unchanged

'
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(tlus minimizing possible influence from M.D. clnge) and there was
no obvious difference between subject groups which could lead to the
reported differences. The major distinction hetwecn groups was in
Group B's knowledge that the entire procedure had been completed
without problems. Evidence uif a iuu.ir factor cont-ibuting to
differences between subjects within each group was found in the
comment of one Group A subject who accepted higher accelerations.
He felt that with the control he had of the system and other
precautions taken for the subject's welfare, there we really nothing
to worry about. Cor.vereely, (and illustrating the varying frameworks)
another sub 4 ect rejected the scale to be used and substituted a
personal, more conservative definition for the four levels.

Since vibration curve trends were similar for all subjects, the
differences are considered to be related to semantics (or the
meaning of words as influenced by personal background knowledge).
Therefore, the derived levels could be accepted as usable for
their intended purpose as the vibration level intensity for
succeeding experiments.

The variation in acceptable acceleration ranges accordiug to frequency
found by previous human vibration researchers was supported by the data.
Not only were acceleration differences between levels found, but acceler-
ations were relatively higher in the 1 1/2 and 18 cps ranges. The data
differed particularly from prior research reported in that an increase
in acceleration paralleled increasing frequency from 8 or 10 to 18 cps.
Although Zeigenruecker and Magid (Reference P) report a parallel function,
Gorrill and Snyder, and Goldman (References A and F) report nearly con-
stant accelerations in these frequency rangee.

Analysis of the latter two studies indicated that differences in equipment
and subject configuration which appeared to contribute to differences in
data which are noted in the curves of figure 6. .orrill and Snyder used
an aircrew seat of different configuraiAon, an ejection cushion, full
flight gear (he!met, coveralls, boots, parachutc, and oxygen mask) lap
belt, and shoulder harness. The different judgment levels required subjects
to project tneir responses over time, e.g.: This vibration actually
experienced for 2.75 minutes in the laboratory could be cndured for one
hour, 15 minutes, or twu to three minutes in a iy1,othL=tIca operational
mission. Chair configuration, foot rests, and control wheel differences
appear to present the greatest potential source of differences in erperi-
mental rei)It,. A strong cushionina effect would be associated with the
vibration at the seat. raising questions about comparability of this
vibration to the present study even though measured accelerations might
be the same. The cantilever arrangement of the fcot rests used in that
study may have permitted strong renonant accelerations on the sole of the
foot prior to any other part of the body. The cc ntrol column arrangement
would hive permitted similar inputs to the palms and instructions would
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have permitted any of these inputs to be recorded.

There were not so many differences in configuration bet%.en the current
study and reports included in Goldman's data. Checking his references
revealed that emphasis was on comfort as a passenger in wheeled vehicles,
which would provide a different orientation of subjects. The use of seats from
automobiles in a vibration exciter suggests an effect from cushioning
as potentially influencing results in the data sumary reported by
Goldman. Parai-els in results from the present experiment with the
curvcs and test configuration reported by Zeigenrueckcr and Magid
(Reference P) are more evident. In their study, foot rests were firm,
reinforced board seats with no cushions used and the seat configuration
appeared similar to those of the present study. Subjects differed from
the present study in that a helmet, extended hand grasps attached to
armrests, and shoulder straps were used. Test configurations and
supports, .nd subjects operational framework appear to be related to
discrepancies between studies.

The curves obtained by integrating the data and plotting a smooth function
were plotted on a special coordinate system for eavl.ydis of vibration
JudgAents vs velocity, acceleration, and double amplitude. The curves
of figure 4 indicate that velocity was essentially constant for judgnts
at 1 and 1 1/2 cps. Above 1 1/2 cps, acceleration was relatively
constant, but associated frequency range variet according to judgent
level for 2 to 6 cps. Acceleration was constant for level 1; 2 to 8 or
10 cps for levels 2, 3, and 4. Then emphasis shifted primarily to a
function of do bl' amplitude up to 16 and 18 cps, although level 4
appzrximates consctant velocity in this region. Above 16 and 18 cps,
judfnent levels are best described as being a function of double amlitude
vs acceleration. Accelerations were higher near the frequencies of
1 1/2 and 18 cps, lower at 1, 4 to 10, and above 20 cps.

Reference to individual curves in the appendix and in rigures 6 through
14 indicates that overlap between levels among the subjects judgments
occurred but suggests that distinct differences between levels do exist.
This is Nrther supported by the resalts of statisticl analysis shown
in Table II with less than one chance in 1,000 that the obtained dis-
tinctions in levels are out of the ordinary. Study of these figures also
suggest that judgment or acceptability of vibration is affected by frequency,
(supported by statistically significant frequency-judgrcnt level interaction)
and that subject differences are significant. Figures 7, 9, 10, U., 12,
and 13, effei-tively present the latter comparisons, with maximum acceler-
ations for a given level varying (for diffcrcnt subjects) from I to 4 and
16 to 20 cps. However, the general curve trenwis are 8imilar for all
subjects.
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Analyuls or i.xitrvitw data and body" character.tics were condticted to

determine whether any statements or characteristics could be correlated
with responses obtained, with changes in freqaency, or with caanges in
acceleration.

Some of the effects from changes in frequency or acceleration are discussed
with the curves. The major added factor from the interview analysis was
the definite correlation between affected body area and frequency in-
dicated in Table I. Two trends are shown by tabulation of reports of
affected body area vs frequency. The effect shifted from the buttocks
and lover thoracic abdominal areas at low frequencies to the upper body
areas as frequeiacy increased, and were concentrated in the head region at
27 cps. The reports of effects on extremities were less clear cut, but
a similar trend occurred. Here, the trend was from whole extremity effects
to localized areas as frequency ,ureased. These shifts ia affected area
vs frequency show considerable overlap of effects in the icinity of 8
cps, with a large total number of reports in this region. The 1-itaraturc
(e.g. References A, E, F, L) suggests general acceptance of a theory of
internal organ resonaunce and Magid and Coermann (Reference L) report
supporting evidence for this concept. However, it is po.sille that an
added factor which has contributed to lowered threshold is a psychological
summation of effects from the many body regions responding to vibration
at these frequencies.

Table III correlations of frequency and body effects, combined with the
curve analysis at specific frequencies described earlier, were expected to
provide information for analyzing differences in judgment of vibration
related to body characteristics. However, no specific correlations were
obvious. Although the analysis was somewhat gross, it is suspected that
distinct definition of body characteristics using subjects who are clearly
representative of each body type category, and -ith more sessions per
subject, will be necessary to clarify any relation between body type
and psycho-physiological response to vibration. A more accurate method
of body typing may also be required.

Similar study is considered necessary to adequately analys variation in
diet, elimination, and rest. Relatively minor control o-' these items was
sufficient to insure that subjects hahits were similar, so that no dis-
crepancies from living habits could be expected, nor were any discovered.

Data Application Possibilities

In considering application of the data reported, certain restrictions mst
be considered. The vibration levels derived in this study are for short
time periods with sinusoidal vibration only, and are apt to decrease with
longer exposure times since vibration is considered to have an accumulative
effect. Magid and Coermann (figure 6) presented data shoving the decrease
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in tolerance limits as exposure time increased. It will be noted that data
curves from increasing exposure time to three minutes for that study over-
lap the curves for this study. For this reason it is considered highly
desirable to avoid the fourth level accelerations in this region (3 to
8 cps).

Combining this information with known aircraft vibration acceleratior.
peaks, it is known that aircraft peak accelerations exceed the levels from
thi. study on an occasional basis although the effects on operator per-
fon-nce are not clear. From this, it is concluded at this time that
occasional exce lance is acceptable, but that long or repetitive sequences
exceeding these levels are highly urdesirable in terms of bodily effects.
Knowledge of effects of these accel3,rations on performance are not known -
more conservative planning for operational vibration spectra may become
necessary as remaining studies in this project are completed.

For the design engineer, the most useful application of these curves would
be in making decisions regarding amount of vibration to be permitted in
the crew environmcnt and modifying vibration by structural or oth-r methods
to dissipate the energy at a frequency less troublesome to crew members.

Insight into the effects of vibration on specific parts of crew task re-
quirements as part of the job function may also be obtained. Reviewing
Table III in conjuncuLiun with the task "parts", will permit understanding
the most likely task parts and most critically affected performance re-
quirements (With this information appropriate provision in design
planning should be of assistance in defining better task requirements
and probable vibration effects on associated performance.) Directly
applicable information on the amount of these effects will become
available as part and combined tasks are studied for effects of vibration
on performance later in this program.

Future Study Requirements

Some studies that could be considered dcsirable or necessary have already
been suggested. During the preparation and conducL of experimental efforts
to date, a need became obvious for information in several areas not directly
related to this program but pertine~nt to understAuding, integrating, and
applying results of Lhis and other prograzs.

One of the more pressing requirements is for a complete literature review
and integration or fuman vibration reports which are readily available
for distribution. Bibliographies and reviews which are available tend
to be oriented toward a particular application or interest area and are
limited in scope accordirgly. A good general bibliography, review, and
integration of all data frm all reports into a human vibration design
handbook is required. The nature of the available reports and of the
disciplines that have been interested in the field suggest that a eom-
prehensive review would best serve its purpose if divided into three u-jor
sections: (A) Humar, Engineering Design Data, (B) Psychological Data,
and (C) Physiological Data.
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Very little research on effects of random vibration from operational
vibration environments has been reported, most studies having been con-
cerned with defining effects from sinusoidal vibration. Whilr. these
efforts have been useful in clarifying relationships, they do net fully
define the problem. No data are available ror Qe£n1n +*be extent to
which sinusoidally derived data can be applied in the random vibration
environment, although some exploration has started and are reported in
D3-3512-2 of the current series. These data, preferably in the form
of conversion factors (or a transfer function) are necessary to predict
effects of a given operational vibration environment on performance.
Failure or inab l ity to discover such functions may require human
operational testing for each new vibrating system to f' ly determine
vibration effects on capability. It also may mean that data derived

-with sinusoidal vibration is of little value for operational application.
For similar reasons, the effects of long time exposure to sinosoidri. and

I. random vibration require study.

In the rationale for the scaling (or levels) system used, it was suggested
that semantic differences could be reduced, and more consistency between
subjects result, if other techniques for psychological scaling were used.
As indicated, these techniques were not uscd in this experiment because
the processes involved -arc too complex and time consuming for completion
within the scope of this program. Review of the data and the mmwport

7 . given (which indicates that semantic, or word meaning, differences
between subjects mere present) indicate that extensive study to define

* vibration dccriptious more precisely is desirable. This study will
be necessary if the most precise description of psychological response
to vibration is desired, or if a more consistent psychological des-
cription of vibration is to be derived.

A combination of precise psychological scaling and knowledge of the
mechanics of individual and combined body organ and tissue response is
considered necessary to fully define body resonance and sensitivity to
vibration. Any attemptc to correlate body type and other features with
psychological and physiological response to vibration will be gross (and
resultant discrepancies between studies are expected to continue) until
this information on scaling and mechanics is made more precise.

Knowledge of body organ response and the psy~iological effects are
particularly desirable for study to adequately identify restraint a
support systems for vibrating environments. The directional axes and
c - t cnt of vibrati on relatie to restraint, mupport__ -_A seating
arrungement may require extensive data and analysis to arrive at an
optimum configuration for a given condition.
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Other areas that e-rged as being pertinent to better describing r.ibration
effects wre based on literature reviews, aialysis, and observation. In
view of tradeoffs for training requirements, age, veigbt, and environmental
support vs. payload (particularly for aeroapece systems), exploration of

! { these factors for correlation with vibration sensitivity appears desirable.
The large difference between male and female humans In weight and certain
performance capabilities should be investigated, particularly since
Shaeffer et al, (Reference N) have deonstrated sex-age differentials
for vibration acceptance in other animals.

'I

1
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AFPNDIX A

EGERIMFNT ONE
INSTRUCTIONS TO SUBJECTS

&FFECTS OF VIBRATION ON HUMAN FFORMANCE

Since outside discussion may change individual viewpoints and cause an
undesireble competitive situation, you are not to discuss the instructions
or definitiors with anyone but the Human Factors Experimenter. We are
interested in your beet judgment only.

A. For this e: Aeriment, you are asked to think of vibration as a general
situation, where no particular operation-- are required .rd no refercnce
to a particula r envirorent is desized.

B. You are to evaluate the changing vibration carefully and indicate each
level of vibration defined by pressing a button which will he under
your right index finger.

C. Under no condition are you expected to go beyond the 4th lcvel.
Immediately after you have pressed the button for this level, you
are to release the switch under your left fingers to stop vibration.

D. It is necessary to evaluate very carefully to determine whether all
levels really exist, since the machine has been limited.

E. If, in your opinion, vloration becomes too severe at any tine, you
are to stop the machine.

F. The stuay will sTp at the 4th level, although otters are defined

to clarify the definitions.

The definitions are as fol]cws:

1. Definitely perceptible,

4 ,Mildly annoying.

3. Extremely annoying.

4. Alarming.

You are to stop the machine here. The remaining definitions are to describe
the rest of the range only.

5. Limit of physical control.

6. Limit of voluntary tolerance.

Another term, "Threshold of Perception," precedea "Definitely Perceptible."
"Threshold of Perception" will not be defined as part of this tent.
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At the end of the second test for the day, the following instructions were
given in preparation for the third test:

For this test, the procedure will be changed. You will i-entify the four
levels as you have been, but will not stop the machine at the fourth level.
Instead, the acceleration onset will be reversed as you press the button
so that you can identify the first three levels in reverse order. The
identification order will be ., 2, 3, 4, 3, 2, I.
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11 API'ENDIX. B

1Phit m ortion of the report illustrates the four levels of vibration
(definitely perceptible, wildly annoying, extremely annoying, and
&larming) defined by each individual subject. The captions imsl
identify the subjects for reference to the curves of figures 6 through
14.
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APPENDIX C

Selected references on human and ani~mal response to the effectz. of low
frequency- vibration.

4 IHIP)UCTION

There does not appepr to b6 a mpi-ensive bibliography on vibration research,
The ever increasing importarce of problems resullting from vibrLatior. nake it.

incmbet uon eserchars In the area t~add to "h small1 and wideliy scattered
partial bibliographies now erItant. It is hoped that someday these w-i-]. all
be drawn together into a comprehensive whole. The following is not intenr'ed
to be exhastive even as far :, whole body low frequencry vibration is concerned.
It is, as the title suggests, a se? -cted list of references.

?Xany sources have beer. consulted in gathering these referenhces. Bibliographic
research has the character of an exponential progression; each item examuined
provides clues to maxr' rare itamse The following listed items reprea'int the
major souirces utilized in connection with a program of~ research supported,
in part, by a contract with thie Or.fice of N~aval Research (lNonr-2 99-(O))



-(i) Beaueurt, J. F., "Humn Vibration Problewm Associated with Low Altitude
Flight", Presented at Armed Forcer--National Research Councll, Committee
on Hearing and Bio-Acoustics Annual Meeting, Washington D. C., November
16, 1960.

(2) Boeing Human Factors Unit, "Boeing Humn Vibration Facility", Boeing
Airplane Comp'.ry, Wichita, Kansas, Document D3-3301, September 28, 19bo.

(3) Borshuhevskiy, I, Ia., and others, Vliianie na organizm cheloveka
tibrataii nekotorykh tipov sovremenrWkh vertoletov i samoletcv. (Effect
of Vibration on Crtain types of Contemporary Helicopters and Airplanes
on Mn) Voen. med. sh. 1: 74-77, 1958.

(4) Brody, A. W., Duois, A. B., "Determination of Tissue, Airwaf anct Total
Resistance in Man," Journal of Applied flwsiology, Vol. 9, No. 2, p. 213,
1956.

(5) Brody, A. W., and others, "Natural Frequecy, Damping Factor, and
Inertance of the Chest-lung System in Cate,' American Journal of
Physiology, 186, No. 1, July 1956.

(6) Brody, A. W., Lewis, D. H., and Burgess, B. F. Jr., "Response of Cheat
1 ll, Abdomen and Dia ragm to Fbroed ctillations of Volume,"
Federation Proceedings, Vol. 13, p. 38, 1954 (Federation of American
Societies for Mcparimental Biology).

(7) Coermann, R., "Offect of Vibration and Noise on the Humn Organism,"
ATI-55001 (Library translation No. 121, October 1946, Royal Aircraft
Estblishment, Farnbcrough, Hants).

(8) Coerann, R., and Ziegenruecker, G., "Investigatior of the Dynamic
Properties of Inner Organs cf the Humn Body," WA? Aero. Med. lab.,
Technical Report (in preparation).

(9) Coervann, R., Untersuchungen uber die Finwirkumg vol Schwingungen suf
den Menschlicen Organismus (Investigations Regarding the Effects of
Vibration on the Huwin Organiaml Jahrb. Deutch. Luftfairtforschung,
21: 111-142, 1938, (See also: LuftfAhrtOeizin, 4: 73-117, 1940)
W DC Translation No. 349. Undated.

(10) oerienn, R., "mechwnica. Impeance of the Human Body in tbc Sitting and
SLK:iing psition and its Significance for Ute SubjuuLiva Tl1erance to
Vibrations,' Paper presented at the 3rd Annual Meeting of the Biopsical
Society, Pittsburgh, Pa., February 1959.

(11) Coermann, R., "Tht- Resporse of the Humaij Bomy to Low Frequency Vibrations",
Paper read before the society or Lbcporimental Stress Analysis Annual
Meeting, October 21, 22, 23, 1959, Detroit, Michigan.
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(32) Coermnn, P, and others, "Passive Dyiaric Mechanical Properties of the
Hunan Thorax-Abdomen System ar of the Whole Body System." Aerospace
Medicine Vol. 31, 443-455, June 1960.

(13) Cope, F. W., "Problems in ib.mn Vibration Engineering," Aviation Medical
Acceleration laboratory, roject NM 18 01 12.4, Rerort No. 2, Johnsville,
Pa., March 1959.

(14) Crook, M. N., and others, "Effect of Aplitude of Apparent Vibration,
Brightness, and lype Size on Numeral Reading,* The Institute o Applicd

LEperimental Psyohology, Tfts College (USAF Air Materiel Command,
Wright-Paterou APB, ATI 02222).

(15) Crook, N. N., Hoffman, C., and Vessel, N. Y., "Effect of Vibration,
Illumination and r/pe Size on legibility of Numerals," ATI-6672, USAF
AMC, Wright Field, Dayton, Memorandum Report, 23 June 1947.

(16) Crook. M. N., and others, "Studies of the Effect of lypog-raphical Spacing
on the legibility of Numerals Under Vibration,' Tufts College, Aero
Medical laboratory, ATI-139063, (USAF Wright-atterson AFB, Engineering
Division Memorandum Report) 28 December 1948.

(17) Davis, H., "Vibration and its Physiological Effects ,4 Medical Pews
letter, Aviation Supplement, 2: 1-4, 1948.

(18) Deekna, D., Mechanisches Model ftr den vertikal schwingenden
menschlichen rorper (Mechanical Models for the Vertically Vibrating
Human Body), Internet. Ztschr. angew. Physiol. 17: 67, 1958.

(19) Dieckmann, D. Finfluss horizontaler meohanischer Schwirgungen auf den
Menschen, (Influence of Horizontal Mechanical Vibrations on hvmans),
Internet. Ztchr. angew. Physiol. 17s 83, 1958.

(20) DiecJ, D. Finfluss vertikaler mechanischer Schwingungen auf
den Menachen, (Influence of Vertical Mechanical Vibrations on Humans),
Internat. Ztechr, angew. Physiol. 16: 519, 1957.

(21) Dieckmsnn, D. "Study of the Influence of Vibration on Man,* Ergonomics,
_I: 345-355, 1958.

(22) DuH is, A. B., Brody, A. W., and Lewis, D. H. "Oscillation Fiflanios
of the Ltns and Chest in Man.0 Journal of Applied Physiology, Vol. 8,
No. 2, P. 587, May 1956.

(23) Elfson, D. G. and Wheeler, L. Jr. "Resonance in the Human Operator,"
SAF Aero Med. lab. Tech. Report No. 5214, pages, April 1951.

+~
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(24) Fibikar, R. J. "Thuch and Vibration Sensitivity," Product Engineering,
November 1956.

(25) Forkois, 11. 14. and Conrad, H. W. "large Displacement-Amplitudxe Mchine
for Phyiological Applications," Naval Research laboratory, Rekort No.
4151, Utshington, D.C., June 1953.

(26) Fowler, R. C. "Damage to Animals D)ue to Vibration," Supplement to
Shook and Vibration Bulletin No. 22, 16-19, 1955.

(27) F'ranke. E. K. a.-d Hildreth, K. H. *Local Vascular Respone to Vibrationsw
WADC Tech. Vote 56-29?, 0!-971C6, JulY 1956.

(28) Franke, E. K. "Mechanioa of Vibration in the Humn Body" Suppiement to
Shock and Vibration Bulletin No. 22, 7-15, 1955.

(29) Franke, & . K, von Gierke, H. E., Oestreicher, H. 1, , et stl. , "Physics
of Vibrations in Living Tissues," AF Tech. Report No. 6367, TJSAF Air
Mteriel Command, Wright-Fatterson AFB, Dayton, Ohio, ATI-108 737,
February 1951.

(30) Gtline, G. 1%, "Vibration Tolerance levels in Wiitary Aircraft,4
Supplement to Shock and Vibration Bulletin No. 22, 24-27, 1955.

(31) Giedt, R. R., "Vibration Measurements and Their Meani=," Rocketdyne,
Canoga Park, California, (American Rocket Society (A) Report presented
at the ABS Semi-Annual Meting, Statler Hotel, Ion Angeles, California,
ARS 619-58, June 9-12, 1958.

(32) Goldman, D. F., *Effects of 'Vibration on Men," Handbook of Noir'e
Control, 1957.

(33) Goldman, D. E. , "Mechanical Forces Acting on Aviation &rsoajnel,"
J. Aviation Med. 17: 426-430, 1946.

(34) Goldman, D). E., *Mechanical Vibration and its Effects on Yen," Naval
Medical Research Institute, L'pcture and Review Series No. 52-1,
Bethesda, l kryland, February 1952.

(35) Goldman, D. Z., "Review of Subje'ctive Responses to Vibratory Motion of
the Human Body in the Frequency RI'ngc 1 tc 70 Cycles Por Second," Naval
Medical Research Institute, Project NM 004 001, Report No. 1, Bethesda,
Marylandi, marcii l94O

(36) Gorrill, F. B. , Snyder, F.* W. , "Prel!.mirary Studiy of A!_urew Tolerance
to Ipw Frequency Vertical Vibration," Boeing Airpilaiie Company Document
D3-1189.
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(37) Grandpierre, R. and Grognot, P., *Effects physiopathologiques des
vibrations transrdses par l'air en aviation; les moyens de protectionH
(Ynysiopathological Effects of Vibrations "Transmitted by Air in Aviation;
Means of Protection) Mod. Aeronaut. 10: 309-344, 1955.

38) Griswold, H. E., Cunningham, D. M., Wilson, G. P., "Mechanical
Amplitudel-Frequency Response 6f the Human Body," Federation Proceedings,
Vol. 14 P. 64, (Federation of American Societies for Experimental
Biolog7,, 1955.

(39) Guillemin, V. and Wechaberg, P., "Physiological Effects of Long Term
Repetitive Exposure to Mechanical Vibration," J. Aviation Med. 24:
208-221, 1953.

(40) Guillomin, V. an! Wezhsberg, P., *Physiological Effects of .echanical
Vibration,* School of Aviation Medicine, Project NM 21-3203-0002,
Randolph Field, Texas, January 1953.

(41) Hawkins. R. D., "Analyzing Shock and Vibration F/fects with iUgh Speed
Photography," Machine Design, 214-218, April, 1955.

(42) Hettinger, T., *Der Firfluss sinnaformiger Sohwingungen auf die
Skeletmuskulatur," (Influence of Sinusoical Vibrations on Skeletal
Musculature), Internet. Ztschr. angew. Ptyriol. 16s 192-197, 1956.

(43) "Human Reactions to Vibration ard Impact,* Boeing Airplane Company,
Seattle, Washington Document D2-5482, 25 January 1960.

(44) Jacklin, H. M., "Human Reactions to Vibration," S.A.E. Journal, Vol.
39, No. 4, October 1936.

(45) Lceb, M., *Further Investigation of the Influence of 'Whole-Body
Vi6bration and Noise on Tremor and Visual Acuity,* USA Medical Research
ab., Peport No. 165, 1955.

(46) Loeb, i., "Preliminary Investigation of the Effects of Whole-Body
Vibration and Noise," USA Medical Research Lab., Report No. 145, 1954.

(47) toeckle, W. E., *Physiological Effects of Mechanical Vibration," in
Celan Aviation Micine World War 11. Vol. 2, pp. 716-722, Wshington,
D. C., U. S. Government Printing Office, 1950.

(48) Magid, &. B., and others, "Human Tolerance to Whole Body Sinusoidal
Vibration" Aerospace Medicine Vol. 31, 914-924, November 1960.

(49) -Me -id, E. B., Coermann, R. H., Ing, Dr. h7he Reaction of the 1h n
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En'ironmental Science.
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